In this paper, a compact setup for measuring the radiation pattern of an arbitrary positioned antenna above the sea surface is presented. The antenna of interest was a vertical half-wave dipole. Due to impracticalities concerning the measurements using seaborne platforms, the setup was based around a shallow pool filled with actual sea water. The transmitting antenna-under-test (AUT) and the receiving antenna stands were placed on the solid ground, at the opposite sides of the pool, thus ensuring the stable platforms as well as the wave path over sea. The need for precise positioning of the receiving antenna along the circular path was avoided and the straight measurement line was used instead, yielding further simplification of the method. Both antennas were realized as printed half-wave dipoles. The measurements were carried out in ISM frequency band at 2.48 GHz. The chosen frequency enabled the realization of a compact setup for elevation radiation pattern measurements for AUT heights up to 2λ above the sea surface. The measurement results were compared to the theoretical and simulation results for a half-wave dipole over sea, showing a good agreement. Detailed evaluation of the measurement uncertainty was undertaken, indicating the critical points in the realized setup.
INTRODUCTION
The dipole antenna above a ground plane is a wellknown theoretical problem [1] [2] [3] [4] that presents the important background for many practical issues, especially in maritime and mobile applications [5] [6] [7] .
Depending on the application, the antenna height above the ground plane usually varies up to several wavelengths, causing the well-known lobing effect shown in [1] and [3] [4] . Although the theoretical radiation characteristics of a vertical dipole are common subject in the literature, there is evident lack of measurements performed in the real environment, especially at sea. Analyses of such radiating structures are mainly based on the numerical methods implemented by simulation software as a powerful tool for solving the shipboard electromagnetic problems [8] [9] . However, actual measurements are of utmost importance, giving us the valuable insights into the physical phenomena and making possible the verification of the simulation and/or theoretical results [10] [11] [12] [13] [14] .
To the best of our knowledge, in available literature, there are only a few references dealing with measurement of radiation pattern of an antenna above the sea surface. The measurement setups described in literature were intended for specific problems and relied on considerable resources: in [11] the horizontal (azimuthal) radiation pattern was measured along the 4.6 NM long path from the ship to the shore, in [12] the vertical (elevation) pattern was measured using 70-foot high wooden arch above the antenna over sea, in [13] airborne measurements were done using a dirigible.
The aim of this study was to produce a compact, reliable and affordable measurement setup capable for measuring the radiation pattern of an antenna above the sea surface. The setup was engineered, realized and used for several sets of measurements, using a vertical half-wave dipole as the antenna under test (AUT). The overview of some preliminary results and measurement procedures has been presented in [14] . This paper gives the detailed description of the proposed method and the realized setup, along with the results for a set of consistent measurements comparable to analytical results.
In section 2, the analytical solution for radiation pattern of the vertical half-wave dipole above the sea surface, together with the analytical and simulation results, is given. The detailed explanation of the measurement method and setup is presented in the section 3. The measurement results for the radiation pattern of a vertical half-wave dipole over sea are presented in section 4, compared to the analytical results and shown together with the boundaries of measurement uncertainty. The measurement uncertainty is calculated in section 5, where the detailed uncertainty budget is presented. The final remarks are given in the conclusion at the end.
RADIATION PATTERN OF A VERTICAL DIPOLE ABOVE A LOSSY DIELECTRIC GROUND PLANE
A vertical half-wave dipole antenna is placed in the air, along z-axis, at a certain height h above a lossy dielectric ground plane having characteristics of sea water (Fig. 1) . The analysis of the radiation pattern of a vertical dipole antenna with the sinusoidal current distribution above a ground plane can start from the well-known expression for the radiation pattern of an infinitesimal vertical electric dipole above a ground plane [1] :
where ϑ is the elevation angle in spherical coordinate system, β 0 = 2π/λ is the phase constant for free space, λ is the wavelength in free space and h is the height of the antenna above the ground plane. The expression (1) is based on the pattern multiplication rule, where sinϑ is the radiation pattern of the infinitesimal vertical dipole, and the rest of the expression represents the array factor of a two-element array formed by the dipole and its image below the ground plane. If a half-wave dipole is used instead, its radiation pattern is used instead of sinϑ:
These expressions are valid in the far field, where the approximation of parallel direct and reflected waves can be used (Fig. 1 ). For such approximation, Fresnel reflection coefficient R v for oblique incidence of a parallelly polarized EM wave upon a planar interface between the air and a lossy medium is defined by [1] and [15] :
where ϑ i is the angle of incidence (for the approximation of parallel direct and reflected waves, ϑ i = ϑ, as seen in Fig. 1 ), ψ is the angle of refraction, η 0 and η are the wave impedances of the air and the non-magnetic lossy dielectric, respectively:
where µ 0 and ε 0 are permeability and permittivity of free space, σ is the conductivity and ε is the permittivity of the lossy dielectric, where ε = ε 0 ε r , (ε r is the relative permittivity of the lossy dielectric), and ω is the angular frequency. According to [15] , the angle ψ can be obtained as:
where
while s is the complex number obtained by:
and γ 0 and γ are the propagation constants in the air and in the lossy medium, respectively:
The electric parameters of sea water at 2.48 GHz for 20
• C are taken from [16] as σ = 6.5 S/m and ε r = 70. The radiation pattern calculated using (2) - (9) is given in Fig. 2 , for several antenna heights of interest, as the function of incident angle ϑ i . Polar plot of the elevation radiation pattern of a vertical half-wave dipole at h = 2λ was calculated using Numerical Electromagnetics Code (NEC) [17] and presented in Fig. 3 .
Fig. 2. Elevation patterns calculated using (2).

MEASUREMENT SETUP AND METHOD
Aim and Scope
The goal of the study was to measure the vertical (elevation) radiation pattern of the vertical half-wave dipole TX antenna above the sea surface. Since the initial motivation for the study was to analyze maritime communications that use vertically polarized antennas and waves, the measurement was done specifically for the vertically polarized component, i.e. using vertical half-wave dipole RX antenna. Fig. 3 . Elevation pattern for h = 2λ (NEC simulation using [17] ).
Due to the limitations explained in section 3.4, and the procedure explained in section 3.5, the setup is most suitable for measuring the lower part of the elevation pattern. Considering the stated motivation, we chose to measure the pattern starting from the horizon and up to 45
• above the horizon, where the maritime (terrestrial) communication actually occurs. Hence, the angles higher than 45
• above the horizon were not measured.
Principles of the Measurement Setup
When considering the need for measuring the antenna radiation pattern over sea, seaborne platforms are the first idea. However, using seaborne platforms would present several serious problems to solve. The elevation pattern of the AUT (antenna under test) should be measured by continuously varying the height of the measuring antenna. This is not easily achievable onboard a ship. Furthermore, the floating platforms do not stand still. Therefore, the inability to fine-control the TX and RX antenna positions and polarizations would reflect in the measurement geometry problems. To decrease the angle error arising from the antenna position fluctuation, the TX and RX antennas would have to be largely separated to a far distance. This would render the pattern measurement almost impossible for higher angles above the horizon, because the proper measuring antenna heights would be even more difficult to achieve. Last but not least, the flatness (or the roughness) of the sea surface should be controlled in order to properly interpret the results. This is hardly achievable at sea because there is always some kind of swell present. Even with no wind, there are surface fluctuations due to distant swells or, more often and unavoidable, due to ships passing by (Fig. 4) .
To avoid almost all these problems, we realized the propagation path over the sea surface using a pool filled with sea water (Fig. 4) . The precision of the TX and RX antenna positions and polarizations was secured by placing their stands on the solid ground on the opposite sides of the pool. The AUT was set up as the TX antenna, while the RX antenna was used for measurement. The flatness of the surface was perfect in the calm conditions without wind.
The pool depth had to be determined to match the conditions at the deep sea, i.e. to be able to disregard any effect of the wave transmitted beneath the sea surface. In the real conditions, the transmitted wave gets attenuated fast by the lossy medium. The reflection from the sea bed is therefore irrelevant and the transmitted wave will not arise above the surface again. This eliminates any interference of the transmitted wave with the incident and reflected wave above the surface. The pool depth should be properly determined to ensure enough attenuation.
The last issue was to determine the size of the setup, with respect to mandatory far-field conditions, considering the size of the antenna system (formed by the AUT and its image below the ground plane). The far-field requirement determined the pool length, while the maximum measured elevation in the pattern was determined by the achievable height of the measuring antenna. The former (pool length) was not as limiting factor as was the latter (measuring the antenna height). The optimum frequency had to be chosen to satisfy all requirements. The pool width was not considered critical and its dimension was chosen to ensure a wide-enough propagation path over sea, however keeping the setup as compact as possible.
Another practical requirement for the setup was to place it near the sea, as to be able to fill the pool with the large volume of sea water using a water pump. To be able to properly control the geometry and to minimize the pool volume, the pool had to be placed on a firm flat surface. The transmission was directed away from the land towards the open sea. This could be useful for a directional AUT, to avoid reflections from eventual obstacles on land, but is not as important for an omnidirectional AUT. The electromagnetic requirement was to avoid any scattering objects in the vicinity of the setup. Also, the conductive material should be completely avoided in the setup construction. The setup should be easily dismountable and moveable to a chosen location.
Pool Depth
The pool should be deep enough to avoid the possibility that the transmitted wave gets reflected by the pool bottom, and appears again above the pool surface. To ensure deep sea conditions, the attenuation of the electromagnetic wave passing twice through the 10 cm thick layer of sea water was calculated. The calculation was performed assuming the worst-case scenario that includes normal incidence and total reflection from the pool bottom. Regarding the planewave propagation through a given medium, the attenuation coefficient α is given by [15] :
where quantities are defined as in (4) . Attenuation in dB can be calculated by:
where d p is the pool depth. For the specified pool depth of 0.1 m and the electric parameters of the sea water [16] at 2.48 GHz (σ = 6.5 S/m and ε r = 70), the attenuation was calculated to be in the range of >200 dB, which is more than sufficient to simulate the deep sea and to neglect any effect of the transmitted wave.
Realization of the Measurement Setup
The overall setup dimensions were determined considering the minimum necessary distance between the TX and the RX antenna that would ensure the far-field conditions. For known wavelength λ and the greatest overall dimension of the antenna system D, the far-field boundary R FF can be calculated:
The antenna system (i.e. antenna array) is formed by the original antenna and its image beneath the sea surface (ground plane). Hence, the overall dimension D of the antenna system equals: where h is the AUT height above the sea surface, while 2·λ/4 represents the lengths of the dipole arms that extend beyond 2h. The practical limit in achieving the controllable RX antenna height was, in our case, around 4 m. Considering that the goal was to measure the pattern up to the elevation of 45
• above the horizon, we decided to build a setup based on the 4 m × 1 m pool (Fig. 5) .
Fig. 5. Schematic layout of measurement setup.
The pool length defines the length of the shortest direct wave path, thus it should be longer than the far-field boundary R FF . Considering the wavelength and (12) -(13), these pool dimensions are appropriate for measurements in 2.4 GHz ISM frequency band, for AUT heights up to 1.8λ. We chose to measure at the frequency of 2.48 GHz, and for the AUT heights of 0.5λ, 1λ, 1.25λ, and 1.5λ. As the far-field boundary calculated by (12) is not a sharp measure, we chose to measure also for the AUT height of 2λ.
At the defined frequency, the printed half-wave dipole (Fig. 6 ) was easily realized as in [18] , and used as the transmitting and the receiving antenna.
Fig. 6. Printed half-wave dipole used for TX and RX.
The RX antenna was placed on a wooden tripod with adjustable height. The AUT holder was made of wood and plastic, as well as all other parts of the pool and antenna supports.
Due to thickness of the pool walls (wooden boards) and the construction details, the achieved length of the propagation path, i.e. the distance between the system origin and the RX antenna, was 3.95 m.
The signal was generated by the RF signal generator Rohde&Schwarz SM300 working in CW mode at 2.48 GHz, and amplified by 10 W RF amplifier Ophir 5140. The TX power was monitored with Rohde&Schwarz NRP-Z21 power sensor and kept constant. It is worth noting that the power was quite stable throughout the measurements and adjustments were not even needed. The RX power was measured by the spectrum analyzer Anritsu MS2663C.
Measurement Procedure
The intuitive approach to radiation pattern measurement would be to measure the field along the circular path around the AUT (shown in Fig. 7 ), ensuring constant radius between the TX and RX antenna. However, this would pose significant difficulties in terms of precise positioning of the RX antenna. The RX antenna, mounted on the tripod, would have to pass along this curved path, measuring the received power at the discrete elevation angles (according to chosen angular resolution). This would imply the simultaneous adjustment of two dimensions (horizontal and vertical distance from the coordinate system origin, d H and d V , respectively, see Fig. 7 ). This procedure was tested first, and it proved to be problematic and time consuming. Instead, we chose to measure along the vertical measurement line, as shown in Fig. 7 . In this way, only one dimension, d V , had to be adjusted, while d H was kept constant at 3.95 m, which was far easier to achieve.
The height of the receiving antenna d V had to be adjusted to the pre-calculated discrete values, according to the chosen angular resolution and:
where δ is the elevation angle above the horizon. However, this meant that the measured RX power had to be corrected because it was not measured at a constant radius r, but at the distance increased by ∆r. Since the RX power is proportional to 1/r 2 , the RX power used for radiation pattern measurement had to be corrected, i.e. increased by the factor of (r + ∆r) 2 /r 2 :
where P r is the received power at the constant radius of 3.95 m (used for radiation pattern calculation), P r + ∆r is the measured received power, and ∆r can be precalculated for angles of interest from the geometry shown in Fig. 7 :
In order to obtain the elevation radiation pattern in acceptable resolution, the angle range of 45
• was divided in 15 steps of 3
• , yielding 16 measurements for every single measurement procedure. The RX antenna height d V was measured using 5 m long telescopic rod equipped with a level for control of the rod verticality.
MEASUREMENT RESULTS
The measurement results for the AUT heights of 0.5λ, 1λ, 1.25λ, 1.5λ and 2λ are given in Fig. 8 to Fig. 12 . The results are presented together with the boundaries of the measurement uncertainty (expanded uncertainty, coverage factor k = 2), which was evaluated in detail in section 5, for each AUT height.
The theoretical results were obtained for an ideal halfwave dipole over sea, using analytical relations (2) - (9), and are also shown in figures. As explained in section 3.1, all results refer to the vertical component of the electric field, thus the analytical results were obtained by multiplying (2) with sin ϑ.
All results were measured and presented as relative values. We were not interested in the absolute values of the incident field or RX power.
To be able to compare the measured and the theoretical radiation pattern, they should be overlapped as logically as possible. Since there was no absolute reference for the graphs, first the theoretical radiation pattern was normalized to the maximum value, i.e. the maximum value of the theoretical radiation pattern became the 0 dB reference. Then the measured results in dB were compared to the previously calculated normalized theoretical values for each angle, and the mean signed absolute error was calculated as
where x i is the result in dB at i th point, and N is the number of points. This mean error value in dB was applied as the offset value to each measurement result. This resulted with a new set of values that corresponded to the measurement results and still kept their relative ratios. However, the mean signed absolute error between the theoretical and the measurement results was thus eliminated, ensuring the most logical overlapping of two graphs in each figure.
The first point (δ = 0) was excluded from this operation (thus N = 15 in (17)), since the error was too big. This happened because the theoretical result for δ = 0 should be zero, or, in dB: −∞. However, we could not make the measurement at exactly δ = 0, due to finite dimensions of the RX antenna (the RX antenna is not infinitesimally small). The measured result at δ = 0 thus does not refer exactly to δ = 0, but to the lowest point (lowest angle above the horizon) that could be achieved with the RX antenna, when the tip of the lower dipole arm was almost touching the sea water. For this reason, the theoretical value of −∞ dB is not shown on the graphs.
Graphs show that the theoretical results are in most points contained within the boundaries of measurement expanded uncertainty with coverage factor k = 2. Moreover, many points overlap within ±2 dB in all graphs. The accordance is especially good for AUT heights of 1λ and 1.5λ.
It is worth noting that the stated uncertainty refers to the realized setup and not to the proposed method in general. The uncertainty evaluation, given in section 5, shows which particular measurements should be more precise in order to achieve lower uncertainty.
EVALUATION OF MEASUREMENT UNCER-TAINTY
We proposed a novel method, realized the prototype setup, and made the preliminary measurements. In order to analyze the critical points in the realized setup, we have also established the measurement uncertainty budget. This should prove useful for subsequent setup realizations and measurements.
The evaluation was done using principles given in [19] and [20] for Type B evaluation of standard uncertainty.
Functional relationships
Individual contributions to the combined uncertainty can be properly assessed using the mathematical function that expresses the dependence of the result on the measured quantities. Radiation pattern measurement is based on measurement of the received power that can be expressed using the expression based on Friis equation, modified according to our setup. The received power is given by equation (all quantities in dB): -L C is the overall loss in connecting cables and connectors;
-ME is the mismatch error in the system; -cos 2 α TX is the polarization loss due to the transversal (normal) tilt of the TX antenna, α TX is the tilt angle, α TX = 0 if no tilt; -cos 2 α RX is the polarization loss due to the transversal (normal) tilt of the RX antenna, α RX is the tilt angle, α RX = 0 if no tilt; -k ∆r is the correction factor given by (15) , calculated for each measurement point (not a measured quantity);
-F is the array factor of the TX antenna system.
However, the radiation pattern is given in relative terms, as the ratio (or difference in dB) between consecutive P RX power measurements for various elevation angles ϑ. Therefore, the uncertainty will be influenced only by quantities that can vary from one measurement to another, i.e. across the whole set of measurements. Only those contributions are taken into account.
Geometrical relationships
The array factor F can be considered as a superposition of the direct and the reflected wave, i.e. the array factor of the two-element antenna array consisting of the AUT and its image below the ground plane:
where R v is the reflection coefficient defined by (3), and ∆d is the difference in the distances traveled by the direct and reflected wave (which results in the phase difference between the two waves). Thus, if the direct wave reaches the RX antenna with phase 0 • , the phase of the reflected wave shall be e −jβ∆d . Equation (19) assumes that TX gain is the same for both direct and reflected wave (whole |F | 2 is ultimately multiplied by G TX , i.e. added in dB in (18) ). This is true if the AUT (vertical dipole) radiation pattern has its maximum pointed towards the horizon, and the main lobe is symmetrical upwards and downwards. However, if the pattern is not symmetrical (e.g. due to slightly unbalanced feed), or if the TX antenna tilts longitudinally, the gain changes by ∆G TX . The change is opposite in sign for the direct and the reflected wave, as seen in Fig.  13 . This effect will be the greatest for ϑ = 45
• (the largest change of gain for a tilt angle). This must be included in (19) , for later estimation of the uncertainty:
Fig. 13. Effect of longitudinal (parallel) tilt of the TX antenna, for the case of uptilt.
Similar effect of gain change occurs also on the RX side, if the RX antenna is tilted longitudinally or has a nonsymmetrical pattern (due to e.g. slightly unbalanced feed). Both the direct and the reflected wave arrive to the RX antenna from the same angle (they are approximately parallel in the far field), thus the gain change is either positive or negative for both waves at the same time (Fig. 14) . 
Amplitude-wise, the difference between d d and d r can be disregarded and, for both waves, the distance d (from the system origin, point O, to the TX antenna) can be used. Its square, used in (18) , is a function of two measured quantities d H and d V , given by:
Fig. 15. Geometry basis for phase difference calculation, without the approximation of parallel waves.
However, the difference ∆d = d r − d d results in the phase difference between the two waves described by e −jβ∆d . These quantities can be expressed by the measured quantities h, d H and d V :
cos(90
As R v and G TX are functions of ϑ i , they must be expressed as functions of the measured quantities h, d H and d V , using (from (24)):
For RX antenna in the far field, ϑ = ϑ i , as seen in Fig.1 .
Sensitivity coefficients
If a measurand Y is determined from N other measured quantities X 1 , X 2 , . . ., X N through a functional relationship Y = f (X 1 , X 2 , . . . , X N ) , the combined standard uncertainty u c (y) is calculated by [20] :
where x i and y are the estimates of the quantities X i and Y, respectively, and c i is the sensitivity coefficient:
giving the measure of measurand sensitivity to the variation of the quantity X i . When numerically calculating the value of the obtained partial derivative function, all arguments (quantities) are entered as the values measured (or calculated) in the point of interest. If there are multiple choices, the worst-case scenario with respect to the measurement uncertainty is used. The sensitivity coefficients for quantities added in dB, as in (18) , are obviously equal to 1. This is also true for quantities that are just added together into a final value, such as in distance measurements.
The sensitivity coefficient had to be calculated for the sensitivity of d 2 to quantities d H and d V , using (21) and (30), for the worst-case scenario where
As the gains G TX and G RX are functions of ϑ (approximately equal to ϑ i , see Fig. 1 and Fig. 15 ), due to (28), they are also functions of the measured quantities h,
is given by the expression for the gain of half-wave dipole and (28):
(31) Therefore, sensitivity coefficients of G TX and G RX to all three quantities were found as partial derivatives of (31) with respect to h, d H and d V , using worst-case values:
The sensitivity of polarization loss to the normal (transversal) tilt was obtained by finding the derivative of cos 2 α TX and cos 2 α RX from (18) with respect to α TX and α RX , respectively, for α TX and α RX equal to 5
• , which is the center of the estimated interval of deviation [0 
The sensitivity of G RX to the longitudinal tilt of the respective antenna was obtained by finding its derivative with respect to ϑ. Functional dependence G RX = f (ϑ) is given by the expression for the gain of half-wave dipole (31). The estimated interval of deviation of the longitudinal tilt with respect to the elevation angle ϑ was [0
• ] around the elevation angle of ϑ = 45
• (worst case, as explained in section 5.2). The obtained uncertainty (i.e. the same interval of deviation) was used also for the calculation of TX gain change ∆G TX uncertainty, as explained in (20) and in Fig. 13 .
Finally, the sensitivity of |F | 2 to the measured quantities h, d H , d V , and to the gain difference ∆G TX from (20) , was calculated. First, equation (20) was expressed using (3) - (9), (27), (28) and (29), obtaining the func- • . However, the computations showed that the sensitivity coefficients of |F | 2 heavily depend on the AUT height h. Thus, the sensitivity coefficients of |F | 2 were computed separately for each AUT height h (0.5λ, 1λ, 1.25λ, 1.5λ and 2λ). Accordingly, the resulting combined uncertainty was also calculated separately for each AUT height h.
Uncertainty budget
The overall expanded uncertainty is shown in Table  1 , separately for each AUT height h (0.5λ, 1λ, 1.25λ, 1.5λ and 2λ). The expanded uncertainty varies with AUT height, ranging from ±2.85 dB to ±5.84 dB (coverage factor k = 2). The detailed uncertainty budget is presented in Table 2 .
The deviation intervals for all quantities were generally taken as worst cases. It is also important to note that these apply to the realized measurement setup prototype. Subsequent setups could surely be realized with more precision, especially concerning the most critical quantities. The largest contribution to the combined uncertainty comes from the array factor, and the single largest contribution comes from the uncertainty of the AUT height measurement above the sea surface. For our prototype, we estimated the AUT height measurement deviation of ±5 mm with rectangular distribution. A simulation shows that the overall expanded uncertainty could be narrowed to ±1.5 dB to ±2 dB if only the AUT height could be measured within ±1 mm, which is achievable with more precise setup. Other improvements could lower the uncertainty down to about ±1 dB (coverage factor k = 2).
CONCLUSION
A compact and innovative setup for measuring the elevation radiation pattern of an antenna above the sea surface has been proposed, realized and tested using half-wave dipole as the antenna under test (AUT).
The choice of frequency is connected with setup size limits. The presented setup greatest dimension was 4 m, appropriate for the chosen frequency of 2.48 GHz and AUT heights up to 2λ above the sea surface.
The proposed setup exhibits several innovative features, such as stable TX and RX antenna platforms (while the propagation path is still over sea surface) and straight movement of the receiving antenna during measurements (contrary to the usual concept of measurements along the arc). Due to the latter feature, the measurements were limited to the elevation angle range starting from the horizon up to a certain practical angle, 45
• in this case. However, this range is fully adequate for most applications relating to terrestrial communications towards the horizon. The comparison of the measured patterns to the analytically calculated ones shows good agreement, with certain deviations that mainly fall within the boundaries of the calculated measurement uncertainty, which ranged from ±2.85 dB to ±5.84 dB (depending on the AUT height above the sea surface). The detailed analysis of uncertainty budget showed that further improvements are possible in terms of setup precision, that could lower the uncertainty down to the range from ±1 dB to ±2 dB.
As the proposed method and setup proved their usefulness with a well-known vertical half-wave dipole, the same method and setup (with possible improvements) could and will be used for testing other types of antennas. 
